The use of liquid-liquid mixtures for heat and cool storage applications has been investigated. Suitable aqueous systems exhibit large changes in the heat of mixing above and below the critical solution temperature of the mixture. Analytical procedures were developed to estimate heats of mixing from liquid-liquid equilibrium data and were utilized to select potential mixtures.
INTRODUCTION
The use of partially miscible liquids to store thermal energy through differences in the heats of mixing of the solution above and below the critical solution temperature has been suggested [ 1 , 2 ] . Several studies were conducted to identify possible binary liquid systems [ 2 , 3 ] . For combined heat and cool storage applications, mixtures of water and an organic component with an upper critical solution temperature of approximately 50°C are recommended. For cool storage, an aqueous system can be used with a critical solution temperature of approximately 5°C.
In this study, analytical procedures have been developed to estimate heats of mixing of liquid-liquid systems. The temperature variation of the equilibrium phase composition was utilized in conjunction with activity coefficient models for liquid mixtures. The resulting procedures have been used to identify mixtures with suitable properties for thermal energy storage applications. In order to confirm these results, heats of mixing have been measured experimentally for a number of potential systems.
Liquid-liquid systems can be of several types depending on the molecular interactions which cause the limited miscibility. If the solubility of the components in each phase increases with increasing temperature, an upper critical solution temperature (UCST) is reached above which the components are miscible in all proportions. For some systems, such as wateramines, the region of limited miscibi-lity occurs only above a lower critical solution temperature (LCST). Systems of this type may also have a UCST above which the components are completely miscible. It can be shown through theoretical arguments ( 4 ) that the heat of mixing is positive at the critical composition, xlc, for a system with a UCST, while it 1 s negative at a lower critical point. Therefore, for systems with both lower and upper critical points the heat of mixing must vary from negative to positive with increasing temperature, and be z e r o at an intermediate condition.
For liquid-liquid systems, the heat of mixing ( H E ) varies linearly with composition over the composition range of immiscibility. The enthalpy difference between two temperatures T2 and T1, above and below a critical solution temperature, is given by:
where C = xlCp + x2Cp 2 , and C and P P I C are average heat capacities of the cgmponents. Equation (1) can be expressed in the alternate form:
where Cp and M are the mean heat capacity ( J / g ) and molecular weight of the mixture. From Equations ( 1 ) and ( 2 ) .
CH2781-3/89/0000-1865 $1.00 0 1989 IEEE
It can be seen from Equation ( 3 ) that for a.high effective heat capacity, large differences in HE are required over a small temperature range, and the molecular weight of the mixture should be as low as possible. For the triethyl amine
(1) -water (2) system with a composition xi = 0.13, the experimental heats of mixing of Chand et a1 [5] show a difference of 500 J/g mole for temperatures T2=20"C and T1=15"C, which are slightly above and below the LCST of this system. From Equation ( 3 ) , this difference in the heat of mixing corresponds to an effective heat capacity of 7.45 J/g, or an increase of 78% over the heat capacity of water. For triethyl amine-water, Hildebrand et a1 [6] found an increase in the mixture heat capacity of over 100% at the lower critical solution temperature, which persisted over a temperature range of at least 5°C.
More recent experiments for other systems exhibit a smaller increase in C for a narrower temperature range in tiRe critical region [7] .
For heat storage, a mixture with a UCST is heated from the two-liquid phase region to above the critical point to form a single phase solution. For a system with a LCST, the heating process results in a transformation from a single phase to two liquid phases. Heat is then provided to the building space by cooling the solution to the original condition. The system can also exhibit a solidliquid phase change at different conditions to aid in the storage capabilities.
For cool storage, an aqueous system can be used with a LCST of approximately 5°C. In the charging step, heat is provided to a heat pump by cooling the two-phase liquid to below the LCST to form a single phase solution. The cool energy is then recovered for the building space by heating the liquid to its original condition.
CALCULATION OF HEATS OF MIXING BY ANALYTICAL PROCEDURES
Models for the excess Gibbs free energy can be utilized to estimate heats of mixing in the single liquid phase region through the relationship:
For binary mixtures, most of the models have two adjustable constants which can be calculated from liquid-liquid equilibrium data [ 8 , 91. For the Van Laar model, the temperature dependences of the constants A1i and A21 are usually represented as:
where Cij and D . . are constants.
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For the Uniquac model [lo] , the heat of mixing can be expressed as: where q1 and q2 are constants, el and €I2
are functions of composition, and In ~i j = -ai j /T. Equation ( 6 ) obtained from experimental solubility data at each temperature can be assumed to vary with 1/T, as in Equation (5).
The constants aij of
Heats of Mixing for Systems with UCST's
Studies were initially performed to find potential aqueous systems with UCST's in the range 40-70°C for heat storage or combined heat and cool storage applications. Since heat of mixing data were not available for these liquid-liquid systems, the use of activity coefficient models to estimate HE from phase solubility data was investigated. Mutual solubilities [lo] and heat of mixing data [ll] available for 10 liquid-liquid systems with UCST's were utilized to evaluate procedures based on the Van Laar and Uniquac relationships [8,91.
The constants of Equation (5) for both models were initially determined by least squares procedures from phase data over the entire temperature range below the UCST. For the Van Laar model, in general best agreement with the experimental heats of mixing was obtained by the use of Equation ( 5 ) with Ci, = 0. Dij were obtained at the lowest temperature for which reliable phase data are available. This behavior indicates that for most systems with UCST's the heat of mixing at constant composition changes only slightly with temperature.
In general, heats of mixing calculated with the Uniquac relationships with constant aij were lower than the experimental values, while Equation (5) for temperature -dependent parameters resulted in calculated values which were too high. For several aqueous systems, including phenolwater, close agreement with the experimental values resulted by the use of the linear relationship, Equation (5).
The values of
Based on these results, heats of mixing and thermal energy storage capabilities were estimated for several aqueous systems with UCST's in a suitable range for heat storage. The propylene carbonate -water system (UCST = 60-70°C) has been proposed as a potential system for this application For this system, values of HE calculated by the Van Laar relationships with Aij = Dij/T exhibited a maximum of about 3000 J/mole and moderate changes with temperature in the critical region. Similar behavior was found for the other aqueous systems with UCST's considered 
Systems with Lower Critical Solution Temperatures
The results of this study indicate that aqueous systems with UCST's have moderate increases in the effective heat capacities in their critical regions. Since the triethyl amine-water system has been shown to have large negative heats of mixing and large increases in the effective heat capacity in the critical region, additional aqueous systems with LCST's have been investigated in this study.
For the triethyl amine -water system, it was found that values of HE calculated through Equation (4) from vapor-liquid equilibrium data [12] for temperatures below the LCST are in reasonable agreement with the experimental values for the critical region. Based on these results, values of HE were also calculated from vapor-liquid equilibrium data presented by Chun et a1 [12] for the methyl diethyl amine. -water system (LCST = 49°C) for temperatures from 35-47°C. The resulting values of HE exhibited large increases in the critical region 181. Similar large differences in HE for temperatures above LSCT = 40°C were indicated from vaporliquid equilibrium data for the dimethyltert-butyl amine -water system.
The application of the Van Laar and Uniquac models for the calculation of heats of mixing from liquid-liquid equilibrium data was also investigated for systems with LCST's for temperatures for which phase data are available for wide ranges of temperatures. The temperature variation of the constants of the model must be nonlinear for mixtures of this type, since HE is negative at a LCST and positive at high temperatures. Therefore, quadratic relationships in 1/T have been utilized for the temperature variations of the model parameters for systems of this type. It was found that the Uniquac model with this procedure can provide reasonable estimates of HE for temperatures above the LCST if accurate phase solubility data are available for a sufficient range of temperatures. Large temperature variations in the heats of mixing were indicated by this procedure for several systems, including 3-methyl pyridine-water (LCST = 49°C) for heat storage and dipropyl amine-water (LCST = -5°C) for cool storage.
EXPERIMENTAL MEASUREMENT OF HEATS OF MIXING
In order to accurately determine the heats of mixing and thermal energy storage capabilities of potential systems, an isothermal flow calorimeter system has been developed. The calorimeter is capable of measurement of HE to within 1% for temperatures from 0-150°C and pressures to 2000 psi.
A schematic diagram of the calorimeter system is shown in Figure 1 , The components are pumped separately into the calorimeter with two high precision syringe pumps, Isco Inc. Model LC-2600. The pumps are controlled at precisely calibrated rates from 0 to 2 ml/min. Prior to mixing in the calorimeter, the flowing liquids pass through lengths of tubing located in a constant temperature bath, Hart Model 5004, to provide sufficient time for thermal equilibration at the bath temperature. The bath is controlled to 0.0005"C with a temperature controller.
The flowing liquids then enter the calorimeter, Hart Model 501, consisting of a mixing coil wrapped around an isothermal cylinder which is immersed in the constant temperature bath. Inside the cylinder are a control heater, calibration heater, and a Peltier thermoelectric cooler. A thermistor inside the cylinder serves to monitor isothermal operation, which is maintained by balancing the heat withdrawn by the cooler and the heat of mixing with the heating rate of the control heater by the use of Hart Model 3704 temperature controller. The control heater rate varies from 0.05 to 20,000 PJ/pulse, and the heat pulse frequency varies from 0 to 100,000 pulses/second. The variation of the heat pulse frequency serves to maintain the isothermal operation of the calor ime t e r .
The control heater setting (energy/pulse) is calibrated with a Hart Model 1701 measuring unit. A stable control heatpulse frequency baseline is initially established with one of the pure components pumped through the calorimeter system, and the flow of the second component through the calorimeter is then initiated. When a new stable baseline is attained, the heat of mixing is calculated as:
where Q is the calibrated heater rate (J/pulse), m is the combined calibrated flow rate through the pumps (moles/sec), and AP is the increase or decrease in the pulse frequency (pulses/sec).
EXPERIMENTAL RESULTS
The flow calorimeter system was initially tested with data for the heat of mixing of methanol-water at 20 and 25°C. This system exhibits exothermic values of HE, which are primarily encountered for systems with LCST's.
In Figure 2 , heat of mixing data are presented for the propylene carbonate-water system for temperatures from 50-70°C. The experimental heats of mixing are essentially consistent with the values calculated by the analytical procedures. Possible dissociation of propylene carbonate was indicated at 70°C and low compositions of this component, which is close to the critical region of the system.
The heat of mixing of the propylene carbonate-water system is unusually high for aqueous mixtures with upper critical solution temperatures. However, the thermal energy storage capabilities of this system at low propylene carbonate compositions appear to be limited, due to the high percentage of water in the propylene carbonate phase.
In Figure 3 , experimental measurements are presented for methyl diethyl amine-water in the range 45-55°C. The experimental heats of mixing are consistent with those calculated from vapor-liquid equilibrium data at temperatures below the critical solution temperature. At a mole fraction xi = 0.1, the heat of mixing of this system varies by about 340 Joules/mole over the temperature range 48-55°C. This corresponds to an effective heat capacity about 30% higher than that of pure water.
Heats of mixing were also measured for dipropyl amine-water system in the range 5-25°C. The experimental results are presented in Figure 4 . The experimental heats of mixing change less rapidly with temperature in the range 5-15°C than the values predicted by the quadratic Uniquac procedure. Those differences are due to the fact that the equilibrium phase compositions indicated by the linear portions of the experimental HE isotherms change slightly less rapidly than the previous experimental phase values [lo] .
Because of their low toxicity compared to other organic fluids such as amines and pyridines, aqueous mixtures containing polyglycols and substituted ethylene or propylene glycols have also been considered for heat and cool storage [13] . In several previous studies [1, 2] , mixtures of water with methyl carbitol (diethylene glycol monomethyl ether) were recommended for cool storage. Heats of mixing presented by Pathak et a1 [14] for this system for 25-45°C exhibit substantial variation with temperature. Experimental values of HE obtained in this study for this system are in agreement with those of Pathak et a1 only at low compositions of the carbitol, and exhibit smaller changes with temperature. Liquid-liquid behavior could not be observed for this system in this temperature range.
It was found that polypropylene glycol with a molecular weight of 425 has a LCST in a suitable range for heat storage or combined heat and cool storage (about 48OC). The experimental values of HE for this system result in moderate increases in the effective heat capacity in the critical region. For cool storage, similar behavior was found for the higher molecular weight polypropylene glycol (M = 725) which has a LCST in the range 5-10°C, as shown in Figure 5 . Moderate variations in HE were also determined for the ethylene glycol diethyl ether-water system for temperatures in the range 5-15°C. This system has a LCST Less than -5°C.
Because the aqueous mixtures studied with lower molecular weight glycols have LCST values either higher or lower than the desired range for cool storage (5-1OOC). ternary systems with blends of glycols or glycol derivatives were used to attempt to obtain optimum properties. Although this procedure resulted in reduced molecular weights and altered phase behavior, the ternary systems of this type considered did not exhibit higher effective heat capacities at low temperatures than the optimum binary glycol systems.
It has been shown that the addition of a third component to a mixture can increase o r decrease the phase separation temperature [15] . Third components which are soluble in both of the original components increase the separation temperatures, while third components which are soluble in only one of the binary components decrease the separation temperatures [15] . Since the triethyl amine -water system (LCST 18°C) exhibits large increases in the effective heat capacity in the critical region, the effects of the addition of small amounts of third components to this system were investigated through phase equilibrium experiments It was found from these experiments that the addition of urea resulted in a phase curve with close to the optimum shape shown by triethyl amine-water.
Experimental heats of mixing for the ternary system with an initial mole fraction of urea in water, xu1 = 0.077, are shown in Figure 6 . The LCST of this system is about 5°C. It can be seen that the heats of mixing of this system decrease substantially in the range 5-25°C. with the largest decrease occurring between 10 and 15°C. At a mole fraction of triethyl amine xt = 0.12, the experimental heats of mixing show an increase of 600 J/mole between 10 and 15°C. corresponding to an effective heat capacity of 7.23 J/g"C which represents an enhancement of about 70% over the heat capacity of water in this temperature range. Similar large increases in HE at lower temperatures were exhibited by this system with xu' = 0.1 t 131.
It was also found that the addition of a small amount of sodium chloride to the diethylene glycol diethyl ether -water system lowered the LCST and improved the effective heat capacity of the system [13] . The LCST for the binary system was about 25"C, and for the optimum ternary mixture about 0°C. The implication of these results is that the phase behavior of binary systems with LCST's can be altered and improved for energy storage applications by the addition of small amounts of a salt or similar compound.
DISCUSSION
For several aqueous binary systems, the magnitudes and temperature trends of the experimental heats of mixing were consistent with those predicted through the analytical procedures developed in this study. Highly accurate liquid-liquid equilibrium phase data are required to obtain reliable predictions of HE by these methods, particularly for systems with LCST's.
Several of the binary systems investigated with LCST's exhibited effective heat capacities higher than that of water in temperature ranges suitable for heat or cool storage applications. For cool storage, substituted glycol systems would be preferable due to the low toxicity of the compounds. However the binary aqueous mixtures studied with lower molecular weight glycol ethers had LCST values either higher or lower than the desired range (5-10°C).
The ternary triethyl amine-urea-water system was found to exhibit effective heat capacities suitable for cool storage applications. It has also been found that the addition of a salt to a binary mixture with non-optimum properties can decrease the LCST and improve the thermal energy storage capabilities of the system. 
